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Abstract

The Hanbury Brown and Twiss (HBT) interferometer was proposed to observe
intensity correlations of starlight to measure a star’s angular diameter. As the intensity
of light that reaches the detector from a star is very weak, one cannot usually get a
workable signal-to-noise ratio. We propose an improved HBT interferometric scheme
incorporating optical parametric amplifiers (OPA) into the system to amplify the
correlation signal. Remarkably, for weak star light, the signal-to-noise ratio (SNR) in the
new HBT interferometric scheme is much better than that of conventional HBT
interferometer. Our work is valuable in measuring a star whose intensity at the
detector is low and maybe also applicable in remote sensing and long-distance
quantum imaging where the light passed through the object is weak after a long
distance transmission.

Keywords: HBT; OPA; SNR

1 Introduction

The angular diameter of stars, which is a fundamental property estimated in all mod-
els of stellar evolution, is important for the determination of other stellar properties in-
cluding fluxes, effective temperatures, radii and absolute luminosities, and for providing
constrains on theoretical stellar models [1]. The Hanbury Brown and Twiss (HBT) inter-
ferometer is one tool initially developed to measure the angular size of stars.

In 1956, HBT interferometer, a type of optical interferometer, was reported by Han-
bury Brown and Twiss to measure correlations in intensity fluctuations [2, 3]. For over
half a century, the HBT interferometer has played a crucial role in understanding the na-
ture of light by motivating both theoretical and experimental research on the coherence
properties of optical fields [4—10]. Moreover, besides the study of optical fields, the HBT
interferometer has also been applied in other physical systems. Baym discussed the ba-
sic physics of intensity interferometry and its application in high energy nuclear physics,
condensed matter physics and atomic physics [11]. Jeltes et al. studied differences between
fermionic and bosonic HBT interferometers [12]. Recently, Campagnan et al. introduced
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a HBT interferometer realized with anyons, which can directly probe entanglement and
fractional statistics of initially uncorrelated particles [13]. Other interesting applications
can be found in Refs. [14—21].

In this paper, we will discuss how to improve the HBT interferometer system if the orig-
inal purpose on measuring the angular diameter of stars is retained. The HBT interfer-
ometer was utilized for the first time to determine the angular diameter of Sirius. This
star was particularly chosen because it was the only star bright enough to give a work-
able signal-to-noise ratio (SNR) [2]. Now the question arises, is it possible to apply HBT
interferometry for stars that are much less brighter than Sirius? We answer this question
in the affirmative by proposing an interferometric scheme that utilizes optical paramet-
ric amplifiers (OPAs) to boost the SNR of HBT interferometers. Specifically, our idea is to
amplify the signal (starlight) before it is passed into the correlator by using two OPAs. The
OPAs boost the input photon number, the effective intensity of the measured star light,
and ultimately the correlation signal amplitude of the HBT interferometer. Although the
noise also increases, the increase in noise is lower than that of signal. The net effect leads
to an amplified SNR in the HBT interference structure. Our result shows that, for the case
of weak starlight (or the mean photon number is very low), the SNR is much better than
that of conventional HBT interferometer. Thus, the new HBT interferometric scheme is
helpful for measuring the angular diameter of stars whose intensity at the detector is low.
For example, Vega, the second brightest star in the night sky, has 0.95 x 10~* photons
per unit optical bandwidth per unit area and unit time at 443 nm as the flux [22]. Us-
ing our interferometric scheme to measure the angular diameter of Vega, the SNR could
be increased by two orders of magnitude. Furthermore, our idea using OPAs also can be
used in other quantum tasks, such as long-distance quantum imaging, where optical sig-
nal containing object information will decay in a long-distance transmission through the

air.

2 The HBT interferometer
The HBT interferometer is an extension of the Michelson stellar interferometer. The
Michelson stellar interferometer measures the correlation of the electric field in order
to measure the angular diameter of the stars, whereas, the HBT interferometer measures
intensity correlations of light to measure the star’s angular diameter.

The basic idea behind the HBT interferometer is shown in Fig. 1. Let k and k' be the wave
vectors of two light beams produced by independent sources on the disc of a star and ¢ be

the angle between the emitted light. Assuming, sources k and k' produces electric fields

Figure 1 Schematic diagram of a HBT interferometer. kand K are
the wave vectors of the two rays. The intensities are measured at ry
and r, by two detectors and the signals are combined in an e
electronic correlator, which calculates the second order correlation Etbl—c», - ]:tpl—(»,

function

Correlator
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Exe*7 and Epe®' 7, the total amplitudes at 71 and 7, can be written as

E() = Eke"i“;1 + Ek/e‘%/';l,
(1)

N 7= T
E(Fy) = Exe'*™ + Epe* 2,

The intensities at r; and r, can be measured with two detectors. The signals which are
proportional to the intensities are multiplied and integrated in a correlator. And finally,
this can be described as

C = (E*R)E*(F2)EG)E ) = ((1Exl® + 1Ex12)°) + 2(1Ex )| Ex 12) cos(krog), (2)

where, k = |7<| = |7<’| and ry = |71 —7»| is the magnitude of the vectorial distance between the
two detectors. By varying the separation of the detectors, we can get the angle between
the two rays from Eq. (2), and from that, we can get the size of the star. As the intensity
of each light ray is proportional to the photon number, the correlation function in Eq. (2)
can be written as

C= (ﬁ,%) + (ﬁ,%) + 2{(ng) (e ) [1 + cos(kr0¢)], (3)

where (71;) and (71;/) are the mean photon number of the two light.

~ ~

The noise is defined as AC =,/ (C2) — (C)2. In the HBT interferometer, C = 1(71)1(72),
and then we obtain the noise function as shown in the below
(AC)* = (ir}) - (ﬁi)2 + 8(73 )it ) — g (e ) + 8w (7))
— A () (A2) + 16(A3 V72 ) + (i) — (A2 ) = 6(7x) (e )
+4[2(() i) + 2(np)ag) + () (7)) — (7)) (e ) = 2(0) (g )

— (g) (fzk/)(ﬁi,ﬂ cos(krog) + 2((?12)(?12,) - 2(171;()2(?1/(/)2) cos(2krod). (4)
For the thermal state, we have

(ﬁ2> =22 + n,
(7°) = nen (1 + 61y, + 610,°), (5)
(") = nn (1 + 14ng, + 36m,” + 24n4°),
where, ny, is the mean photon number of the thermal state.
For the sake of bookkeeping, we represent the mean photon number of light rays with

wave vectors, k and k' as i1 and 77 respectively. Using this, the correlation function of the
HBT interferometer is given by

C =201 + i+ 2/m* + i + 2| 1 + cos(krog)], (6)
and, the noise is given by

(AC)? = i1+ 137% + 3272° + 201" + m + 13m® + 32m° + 20m* + 327

+ 7672 m + 767 + 407°m + 40min® + 701 + 2m(1 + 2h
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Figure 2 Schematic diagram of an ideal OPA. It consists of a pump beam and N ~
two input modes denoted by annihilation operators, di, and by, incident on the Qin O bout
OPA. The Goyt and beyy are the two output modes pump P |

bin A Qout

+ 271 + 277m) cos(2kro@) + 4im (6 + 157 + 107> + 157 + 10/

+ 8im) cos(krog). (7)

3 Model of an optical parametric amplifier

An optical parametric amplifier, abbreviated as OPA, is a light source that emits light of
variable wavelengths by an optical parametric amplification process. As depicted in Fig. 2,
an OPA is a device with two input modes, a;, and l;m and two output modes, doy and lAaout,

which performs the mode evolution as [23-25]

&out ) &in
~ =T e | 8
(blut) o (bL) ©

where

. v
Topa = (li ) ) &)
vt

with, 1 = coshg, v = ¥ sinhg, and 6 and g is the phase shift and parametrical strength in
the OPA.

We can always choose the parameters in the propagation process in Eq. (8). Without
loss of generality, assuming, 6 = 0, we can write the relation between the input and output
modes as

Aout = G coshg + bl sinhg,
b b (10)
bl = Ginsinhg + b} coshg.

If we inject a thermal state to the upper mode and a vacuum state to the lower mode,
then after the propagation, we have

(ﬁout) = MZ (;Zin) + sz
(ﬁZ ) = M4(’Ali2n> + 30202 () + 202 + v,

out

(13,0 = o) + 6 V2 (2 + Ap*v2 (Fin) + 70 v* (7hin)

+ utv? + 4pvt 0, (11)
(i) = w(i) + 10p8v (73 ) + 10p8v? (2, ) + 25 v (7, )
+ (30u4v4 +5u%0? + 15,u2v6)(;¢1m) + 11t + pb0?

+ 11,u2v6 +8,

oA
in@in-

where, i = coshg, v = sinhg and 7, = a
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Figure 3 Schematic diagram of our improved HBT S, =1,
interferometer. There are two OPAs placed at ry k d}"}?' k ¢l?
and r,. One input of the OPAs is the star light and . vac [/ , VAC
the other input is the vacuum state (VAC). Two bl,in | | a1,in a2,in J | b2,in
outputs given by, oyt and dzout, are detected and 0 (0]
the signals are injected into the correlator p p
A A |
bl,outl J_bz out
L& )

From Eq. (10), we know that an OPA can boost the input photon number. Thus, we can

apply OPAs to the HBT interferometer to obtain an amplified correlation signal we need.

4 Optical parametric amplified HBT interferometer
Our improved interferometric scheme is depicted in Fig. 3. We place two OPAs at r; and
r, and let the starlight pass through the OPAs first. The notations, @;n (l;j,m), @jout (l;j,out),
corresponds to aj, (Z)in), Aout (lsout) in Fig. 2, where j = 1,2. The starlight is injected in the
port of @;;, and a vacuum state is injected in the port of l;j,in. After the OPAs, we only detect
the output of @;;, and then combine the two output signals into the correlator. With the
property that OPA can boost the input photon number, we obtain an amplified correlation
function.

Next, we calculate the correlation function and the noise of the new system. Using
) (1=1,2,3,4) after passing through

the OPAs. Plugging these new values into the correlation function and the noise function,

Eq. (11), we can obtain the forms of (i1} ) and (i, ;.

the correlation function reduces to

Copa = w* (20 + 1/ + 2m%) + p*v*(2+ 3 + 3v) + u'*in

+2(win +v?) (1P + v?)[1 + cos(krog) ], (12)
and, the noise reduces to

(ACopa)? = 18 (7 + 137 + 3272° + 201* + 7in + 13m* + 320> + 207m* + 327/
+ 761 + 761m” + 70i°m* + 40nm® + 401 im) + p®v? (2 + 557
+ 146> + 881> + 55/m + 1467m° + 887° + 240mm + 184i*in
+184n7m%) + pu*v* (50 + 21571 + 15172 + 2117m + 1517:> + 24871771)
+30v% + 12v%(101 + 1097 + 113/1) + 4-COS(/<V()¢)</,L2}7I + vz) (uzrh
+v?)[(6 + 157 + 107> + 15/ + 107* + 8iim) u* + (18 + 1372
+13m)u*v” + 4v*] + 2 cos(2krog) (171 + v?) (wm + v?) [(1
+ 271+ 2m + 2nm)pt + 2p%0% — vt (13)

Comparing Eq. (12) with Eq. (6), we can see that the signal amplitude of the correlation
function is increased by a factor of (icosh? g + sinh? g)(77 cosh’ g + sinh® g)/i/m. We plot
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Figure 4 Ratios of signal of the improved HBT 1000

interferometer scheme to signal of the conventional deal

HBT interferometer scheme as a function of mean soogd TS0%. N<0.1
number of photons 7 in light rays k and k" when 600 ’ . T=90%, N=0.1

g =2.The red line corresponds to the new scheme COJ L=0.5

without noise. The orange dotted line and the 400 TN - =01

purple dotted line correspond to the new schemes '.‘ Ny

with photon loss L = 0.5 and photon loss L=0.1, W00y T T
respectively. The blue dotted line and the green 0 T e e
dotted line correspond respectively to the new 0 5 10 15 20

schemes with beam splitter transmissivity T = 50% n

and T =90% when the photon number of

thermal noise is N = 0.1. Note that the orange line and the blue line are overlapped, and the purple and green
are, too

Figure 5 Ratios of SNR of the improved HBT 60

interferometer scheme SNR2 to SNR of the 500 ideal
conventional HBT interferometer scheme SNR1 as a 30F 400 \\ ........ T=50%. N=0.1
iunctign of mean number of photons 7 in light rays 40 322 o T=90%, N=0.1

k and k" when g = 2. The red line corresponds to the  sxr2 100 —— L=0.5

new scheme without noise. The orange dotted line ~ SNRI 0 0.0020.0040.0060.0080.010 ==+ - L=0.1

and the purple dotted line correspond to the new 20

schemes with photon loss L = 0.5 and photon loss

L =0.1, respectively. The blue dotted line and the 10 \L

green dotted line correspond respectively to the — > 3 7 P

new schemes with beam splitter transmissivity

T=50% and T =90% when the photon number of
thermal noise is

N =0.1. Note that all the lines are indistinguishably aligned

S|

the ratio of the signals of the two interferometer systems as the red curve shown in Fig. 4.
The parametrical strength g usually ranges from 0 to 3. In this figure, we take g = 2 as an
example and assume that both light sources have the same mean photon number. We see
it would be at least a 200 times increase in the signal.

Once we have the signals and noises of both systems, we can compare the performance of
these two systems. We use SNR as a indication of the system performance. As we discussed
earlier, the signal is increased by the OPAs but what about SNR? We define the SNR as

SNR = C/AC. (14)

With the correlation functions and noise functions, the SNR ratio of the two systems
can be obtained. Figure 5 shows the ratios of SNR of the improved HBT interferometer
scheme to SNR of the conventional HBT interferometer scheme as a function of mean
number of photons. The red curve in Fig. 5, is the ratio of the SNRs of the two systems as
a function of the mean photon number when kro¢ = 2pm (p is an integer). From the red
curve, we see that the ratio of SNRs is 1.66 when 7z ~ 1, which means the SNR increases
by about 66 percent with the use of the OPAs. Moreover, if # is much smaller, such as
i1=1.5 x 1073, then the SNR increases by 400 percent. As the function of the curve is too

complicated, we use curve fitting to get an approximated function which is

SNR2 0.584
— =1.082 + ——. (15)
SNR1 n
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From the above equation, one can estimate the value of SNR increased for an arbitrary
small 7.

One can see all the discussion above is based on ideal situations. However, for any real-
istic model, one must consider the effect of noise, such as photon loss and thermal noise
which are the most common factors. In the following, we will discuss the lossy models of
the optical parametric amplified HBT interferometer caused by photon loss and thermal
noise.

There are two mechanisms: photon loss to the environment occurring inside the inter-
ferometer and photon loss at the detectors, lead to the first lossy model. Both of the two
processes can be modeled by placing a virtual beam splitter inside the interferometer. One
input of the beam splitter is the state of the propagating mode in the interferometer arm
and the other input is a vacuum state. In this case, the operator ;. in Fig. 3 becomes

&j,out =+41- L(M&j,in + VET

Jin

) + VL, (16)

where L is the photon loss (0 < L < 1) and ¥ is the annihilation operator of vacuum state.
Then after the whole propagation through the interferometer, we get ratios of the two
systems shown as the orange curve with photon loss L = 0.5 and the purple curve with
photon loss L = 0.1 in Fig. 4 and Fig. 5. One can see that the photon loss does not have any
effect on the SNR but have slight influence on the signals. Although the ratio of signals of
the two interferometer schemes becomes smaller with the increasing of the photon loss, at
least, it could be increased by one orders of magnitude. The reason that photon loss does
not decrease the SNR is straightforward according to our new interferometric scheme has
better result in weak light.

Then, we will discuss the interaction with thermal noise. This process can be accom-
plished much in the same way as the photon loss model. We also place beam splitters in-
side the interferometer, but the vacuum input is replaced by a thermal state. The thermal
photon noise is approximately N = 1072° at room temperature, and N = 1 can be obtained
in microwave frequency [26]. In our case, we take the thermal photon noise as N = 0.1. We
get the ratios shown as the blue curve when beam splitter transmissivity T = 50%, ther-
mal noise N = 0.1 and the green curve with transmissivity T = 90%, thermal noise N = 0.1
in Fig. 4 and Fig. 5. Easily, one can see thermal noise has the same effect as the photon
loss on the condition that the beam splitter has the same transmissivity in Fig. 4. Remark-
ably, the ratio of the two SNRs remains unchanged for both propagation loss and detector
inefficiency as one can see in Fig. 5 that all the lines are indistinguishably aligned.

5 Conclusion

In conclusion, we have proposed a new interferometric scheme that combines OPAs with
HBT interferometers. In this scheme, instead of measuring the intensity of the starlight
directly, we let the starlight go through the two OPAs first, amplifying the correlation
signal by a factor of (icoshg + sinh’g)?/i%, where 7 is the mean photon number of the star
light. Although the noise also increases in our new scheme, the theoretical analysis shows
that, the participation of OPAs leads to an improvement of the SNR of a factor 1.082 +
0.584/n compared to the conventional SNR in conventional HBT interferometer. One can
see, for the case of weak starlight, which means that the mean photon number is very small,
the SNR is much higher than that of conventional HBT interferometer. In astronomy, the
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intensity of light that reaches the detector from the majority of stars is very weak, thus, our
scheme will be very helpful. Moreover, the idea that SNR can be amplified by OPAs may
also find applications in quantum remote sensing and long-distance quantum imaging,
where the light passed through the object is weak after a long distance propagation.
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